Evidence suggests that the neural cell adhesion molecule (NCAM) is an important molecular constituent of adaptive and maladaptive circuit (re-)organization in the central nervous system. Here, we further investigate its putative involvement in amygdala and hippocampus functions during context fear memory formation. Using laser capture microdissection and quantitative RT-PCR, we show high NCAM mRNA expression levels in the lateral and basolateral subnuclei of the amygdala, as well as their training intensity-and context-dependent regulation during fear memory consolidation. Moreover, we demonstrate that deficits of NCAM
Introduction
Appropriate determination of stimulus salience during memory formation is critical for an individual's adaptive responding to the environment, and disturbances of this function are evident in psychopathological states such as mood and anxiety disorders. Yet the cellular and molecular mechanisms that underlie salience determination remain elusive. The neural cell adhesion molecule (NCAM) has been proposed to play a role in these processes (Lopez-Fernandez et al. 2007 ; Markram et al. 2007a ; Merino et al. 2000 ; Sandi et al. 2003) and a more general role in the stress modulation of memory (Sandi, 2004 ; Sandi & Bisaz, 2007) . NCAM is a glycoprotein of the immunoglobulin superfamily, which mediates homophilic and heterophilic cell-cell and cell-matrix interactions in the developing and adult CNS. On a cellular level, NCAM has been implicated in neural proliferation, migration, neurite outgrowth and fasciculation, as well as in synaptic plasticity in the adult (Fields & Itoh, 1996) .
Gene expression analysis, genetic ablation and acute intervention studies using antibodies, peptide fragments or the enzyme endoneuroaminidase N have firmly established the importance of NCAM and the NCAM-associated polysialic acid (PSA) for hippocampal plasticity and hippocampus-dependent learning tasks (Sandi, 2004) . Further evidence suggests an involvement of NCAM in emotional processes such as impulsive aggression, anxiety and stress responding (Stork et al. 1997 (Stork et al. , 2000 . In fact, changes of NCAM gene expression and/or polysialylation in the hippocampus indicate a role in stress modulation of neural plasticity and memory formation (Sandi et al. 2005 ; Venero et al. 2006) , as well as juvenile stress-induced development of affective disorders (Tsoory et al. 2008) . In addition to the hippocampus those changes involve brain areas such as the amygdala, which is critical for the modulation of emotional state and emotional memory formation (Markram et al. 2007a ; Tsoory et al. 2008) .
The aim of this study was to further define the putative role of the amygdala in NCAM-mediated and hippocampus-dependent memory formation. To this end we employed classical ('Pavlovian ') fear conditioning, during which subjects quickly learn to associate a previously neutral stimulus (conditioned stimulus, CS) or environmental context with coinciding aversive stimuli (unconditioned stimulus, US). Subsequent exposure to the CS or training context will elicit defensive reactions such as, in rodents, freezing and risk-assessment behaviours, which are displayed in accordance with stimulus salience and stress intensity experienced during training (Blanchard et al. 2003 ; Laxmi et al. 2003) .
In this paradigm, the basolateral subnucleus of the amygdala (BLA) and the lateral subnucleus of the amygdala (LA) appear to act as an interface for sensory and affective information and thus allow for emotional stimulus association (reviewed in Maren & Quirk, 2004 ; Stoppel et al. 2006) . Involvement of hippocampal function occurs whenever a more complex level of information analysis (e.g. contextual, temporal) is required (Phillips & LeDoux, 1992 ; Rudy et al. 2004 ). The hippocampus is thought to relay this information mainly to the BLA (Maren & Fanselow, 1995) , which in turn modulates hippocampal information processing in a stress-dependent manner (Akirav & Richter-Levin, 2002) . Such reciprocal information flow between amygdala and hippocampus becomes evident in vivo in changes of network activity such as increased theta frequency synchronization during fear memory consolidation (Narayanan et al. 2007a, b ; Seidenbecher et al. 2003) .
In this study we first utilized laser capture microdissection and quantitative polymerase chain reaction (qPCR) to locate fear conditioning-induced NCAM expression changes in subregions of the mouse amygdala and hippocampus. We observed high mRNA content and learning-induced regulation of NCAM mRNA in the LA and particularly in the BLA, indicating an effect on NCAM core protein expression in these areas. Next, we determined the functional relevance of these observations with the behavioural and physiological analysis of mice with genetic ablation of the NCAM gene (NCAM x/x mice). Considering the dual role of the BLA as entry site for context information to the amygdala and as a modulator of hippocampal function, we systematically varied context salience through contextual pre-exposure, different training intensities, and the use of background and foreground contextual fear-learning tasks, i.e. with and without coinciding cue conditioning. Our data provide additional evidence for a salience-dependent role of NCAM in hippocampus-dependent memory formation and demonstrate the critical importance of the amygdala therein.
Material and methods

Gene expression
Fear conditioning
All studies were conducted in accordance with the European and German regulations for animal experiments and were approved by the Landesverwaltungsamt Sachsonia-Anhalt (AZ 2-441 and 2-618). Adult male C57B/6BomTac (M&B Taconic, Germany) were obtained at age 7 wk and housed in our animal facility for 2 wk under a 12-h light/dark cycle (lights on at 19:00 hours, with 30 min dawn phase) with food and water available ad libitum. Animals were randomly assigned to one of four training groups (naive control, cued standard conditioning, cued overtraining and contextual standard conditioning). Fear conditioning took place in a sound isolation cubicle containing a 16 cmr32 cmr20 cm acrylic glass arena with a grid floor, loudspeaker and ventilation fan (background noise 70 dB SLP, light intensity <10 lx ; TSE, Germany). Naive control, cued standard conditioning and cued overtraining groups were pre-exposed to the conditioning apparatus over 2 d with two daily sessions of 5 min each. The presentation of a neutral test stimulus during these pre-exposures (as done in the differential mutant conditioning paradigms, see below) was omitted for the sake of best possible distinction between cue and context effects. The contextual standard training group was exposed to a novel standard cage serving as neutral context. During conditioning, the naive control group (n=6) was exposed to three CS [10 kHz tone, 85 dB SPL, 10-s duration with inter-stimulus intervals (ISIs), of 20 s] but no US ; the cued standard conditioning group (n=6) received three CS that each co-terminated with a US (0.4 mA foot shock, 1 s, 20 s ISI), whereas cued overtraining (n=6) was conducted with ten such CS/US pairings and increased US intensity (0.6 mA, 1 s, 20 s ISI). The contextual standard conditioning group (n=6) was exposed to three US (0.4 mA, 1 s, 29 s ISI) but no CS ( Supplementary Fig. S1 a, available online).
Brain preparation and laser capture microdissection
Six hours after training, animals were killed by cervical dislocation. Brains were quickly removed from the skull, embedded in Tissue-Tek 1 OCT compound (Sakura Finetek Europe, The Netherlands) and snapfrozen in liquid nitrogen-cooled methylbutane. The brains were stored at x80 xC for a maximum of 3 wk before cryosectioning. Coronal sections of 20 mm thickness were cut on a cryostat at the level of amygdala and dorsal hippocampus and thaw-mounted on poly-L-lysine coated RNAse-free membrane slides. After fixation in x20 xC cold ethanol and brief haematoxylin-eosin staining, the dentate gyrus (DG), cornu ammonis (CA)1 and CA3 regions of the hippocampus as well as the LA, BLA and central nucleus of the amygdala (CeA) were microdissected from 8 to 12 sections per animal using a laser microbeam dissection system (P.A.L.M., Germany).
Reverse transcription and real-time PCR
After tissue lysis and RNase inactivation lysates were treated with DNAse I (2 U/ml) for 30 min at 37 xC, followed by DNAse inactivation for 5 min at 75 xC. First-strand synthesis was done with M-MLV reverse transcriptase (100 U/ml) in the presence of 2.5 mM dNTPs, 50 mM oligo-dT primer oligonucleotide and RNAse inhibitor (10 U/ml) for 60 min at 42 xC, followed by enzyme inactivation at 94 xC for 10 min (all reagents, Cells-to-cDNA II kit, Ambion, UK). Quantitative PCR was performed in an AbiPrism 7000 Sequence detection system (Applied Biosystems, Germany) using TaqMan 1 reagents with predesigned assays for NCAM and the housekeeping gene phosphoglycerate kinase (Pgk ; Assays-by-Design, Applied Biosystems) in triplicate assays. Pre-experiments confirmed that Pgk expression was independent of treatment groups and referred only to the starting amount of DNA in each sample. All runs consisted of 50 cycles of 15 s at 95 xC and 1 min at 60 xC and were preceded by a 2 min 50 xC decontamination step with uracil-N-glycosidase.
Data analysis
Mean cycle threshold (CT) values were determined for each triplicate assay and used for sample comparison according to the ddCT method (Livak & Schmittgen, 2001) , using Pgk as internal control. Training effects were determined for each area and analysed with oneway ANOVA followed post-hoc by Fisher's protected least significant difference (PLSD) test. For illustration of differences, ddCT values were calculated for each training group with ddCT(naive)=0 as a reference. Transformation to relative quantification (RQ) value for a specific area was done according to RQ=2
xddCT with RQ(naive)=1.
Mutant analysis
Animals
NCAM mutants (backcrossed to C57Bl/6 for >12 generations) were obtained from heterozygous breeding and raised in groups of 2-6 under standard laboratory conditions with a 12-h day/night cycle (lights on at 19:00 hours with 30 min dawn phase) with food and water available ad libitum. Genotypes were determined by multiplex PCR on genomic DNA, as described previously (Stork et al. 2000) . Mice were separated 1 wk before the experiments and housed individually throughout the behavioural assessment. Training and testing of animals were always done during the dark cycle between 10:00 and 18:00 hours. NCAM x/x and NCAM +/+ mice underwent background (i.e. including cue) and foreground (without cue) context conditioning. Therein, stimulus salience was systematically varied through different conditioning paradigms. Additional naive and unpaired control groups were analysed to test for the specificity of conditioned fear behaviour. First, in order to replicate the previously described fear memory deficits of NCAM x/x mice (Stork et al. 2000) , animals were fear conditioned without any contextual pre-exposure.
In the second step we employed a contextual preexposure protocol to minimize differences in the novelty-induced salience modulation of context fear memory (Huff et al. 2005) . To address salience modulation in these groups, mice were also trained with increased stimulus intensity . Finally, the effect of NCAM mutation on foreground context conditioning was investigated with different training intensities. Supplementary Fig. S1 b (online) provides a graphical overview and a detailed description of the different training protocols engaged.
Collection of behavioural data
Fear memory was tested in a single 6-min retrieval session, 24 h after training. In background context/ cued training groups, the animals' response to the training context alone was tested for 2 min, immediately followed by two 2-min blocks of each four CSx and four CS+, with 20-s ISI each. For the analysis of foreground context memory, conditioned animals were re-exposed for 2 min to the training context without subsequent cue presentation. Defensive behaviour comprising risk assessment (orientation towards CSx/CS+, alert watching with head movements, stretched attending) and freezing (immobility except respiratory movements) was monitored offline using the public domain software Wintrack [for details on rating and reliability see Supplementary Table S1 (online) ; Blanchard et al. 2003 ; Laxmi et al. 2003 ].
Statistical analysis
A multiple analysis of variance (MANOVA), followed by Fisher's PLSD for post-hoc comparison, was used to analyse genotype effects and effects of the different training protocols applied. Planned comparisons were conducted to specify genotype effects as well as different training effects within either genotype. To determine cue-specific responses in the retrieval session, we normalized the risk assessment and freezing values for CSx and CS+ responding towards the background context response by subtracting contextual values from the CS+ and CSx induced corresponding behaviours.
Surgery for electrophysiological recordings
Electrode implantation was performed under deep phenobarbital anaesthesia (50 mg/kg i.p.) using a small animal stereotactic device (World Precision Instruments Inc., USA). Reference and ground electrodes were implanted close to midline over the nasal and cerebellar region, respectively. Stainless-steel electrodes were positioned unilaterally into the left hemisphere at the coordinates AP x1.94 mm, ML 1 mm, DV 1.25 mm from bregma and AP x2.06 mm, L 3.25 mm, DV 4.2 mm from bregma (Franklin, 1997) , aiming at the CA1 pyramidal region and the LA, respectively (Fig. 4 a) . The electrode ensemble was fed through a rubber socket and fixed to the skull with dental cement. Animals were allowed to recover for 3-4 d before behavioural experiments commenced.
Theta synchronization
NCAM
x/x and NCAM +/+ mice underwent cued overtraining (paired) as described above (Supplementary Fig. S1 c) . On retrieval day, a plug was connected to the implanted socket under a low dose of an inhalable anaesthetic (Isofluran, Baxter, Germany). Using a swivel commutator, field potentials of the amygdala and hippocampus were recorded in the freely behaving animal undergoing a standard retrieval session. Amplified signals, band-pass filtered between 0.3 and 30 Hz with a 1 kHz sampling rate, were fed to an A-D converter (CED Ltd, UK) and digitally stored for offline analysis. Cross-correlation was during the different retrieval phases (context, CSx, CS+) using the Spike2 software package (CED Ltd, UK). Phase shifts in cross-correlograms were calculated with respect to the deviation of the first peak from zero. After completion of the experiment, animals were sacrificed with an overdose of pentobarbital (200 mg/kg i.p.), and the location of electrode tips was assessed histologically (Franklin, 1997) . Freezing behaviour and peak synchronization levels were compared between genotypes with Student's t test.
Results
Gene expression
We determined NCAM mRNA levels in subregions of amygdala and hippocampus and their change after fear conditioning. First, the analysis of subregional distribution of NCAM mRNA in naive control animals revealed significant differences of expression levels in hippocampus and amygdala [ANOVA ; F(5, 40)= 2.952, p=0.025 ; Fig. 1a ]. Highest NCAM mRNA levels (RQ relative to the housekeeping gene Pgk) were obtained in the BLA ; these were >2-fold higher than in any of the hippocampal subareas (p=0.049 compared to DG, p=0.014 to CA1, and p=0.002 to CA3 ; Fisher's PLSD) and more >3-fold higher than in the CeA (p=0.008). The BLA expression levels were also somewhat elevated compared to the LA, but the difference failed to reach significance (p=0.157). Subsequently, training effects were investigated. Univariate ANOVA reported a trainingrarea interaction [F(3, 51)=4.103, p=0.012] in the BLA and LA. Fisher's PLSD confirmed significant effects in the LA, with an increase of NCAM mRNA levels to 2.16r levels of naive controls upon contextual standard conditioning (p=0.049 compared to naive control group ; Fig. 1 b) . At the same time, NCAM expression in the BLA of contextually conditioned mice was reduced to 0.40r levels of the naive group (p=0.013) and similarly to 0.41r levels in the cued overtraining group (p=0.012, compared to the naive group). The cued standard conditioning group displayed intermediate levels in the BLA with 0.70r levels of controls, but the change failed to reach significance (p=0.335) (Fig. 1c) . In contrast, no significant trainingdependent changes of NCAM mRNA expression was observed in hippocampal subareas [F(6, 78)=0.513, p=0.513] . Table 1 provides an overview of relative NCAM mRNA expression values (RQ) in amygdala and hippocampus subareas after different training situations.
Fear memory deficits in NCAM mutant mice
To address the potential role of NCAM in modulation of context conditioning, NCAM
x/x mice and their NCAM +/+ littermates were studied in background context/cue conditioning and in foreground context conditioning paradigms of different salience. In agreement with our previous observations , high levels of freezing behaviour were generally observed in both genotypes during retrieval of the conditioned tone stimulus and during foreground context fear memory recall. In contrast, risk assessment behaviour was predominant during retrieval of background context fear memory (i.e. following an auditory-cued fear conditioning). Using these parameters, we were able to show that NCAM-deficient mice displayed deficits in both foreground and background context memory under conditions of increased context salience. the paired and unpaired group in a similar manner, whereas in NCAM x/x mice risk assessment after unpaired training was further enhanced compared to the paired training group (p=0.004 ; Fig. 2 a, d ).
Context fear memory with different training intensities
In pre-exposed animals trained at different intensities a significant effect of training [F(4, 87) , p=0.078). Accordingly, the previously described increase in background context fear behaviour due to overtraining was evident in NCAM +/+ mice only (p=0.02 compared to standard training paired group ; Fig. 2 b, e).
Context fear memory in foreground context conditioning with different salience
The deficit in context memory following conditioning with high training intensities was also evident in a foreground contextual conditioning paradigm : a significant effect of training [F(1, 34) x/x mice trained in a contextual standard paradigm showed no significant deficit in conditioned freezing behaviour (4.6¡1.0 % vs 4.7¡1.6 % in NCAM +/+ mice), mutants failed to significantly increase conditioned freezing upon contextual overtraining (7.1¡2.6 %), in contrast to their wild-type Fig. 2 c, f) .
Cued fear memory
In order to control for the specificity of contextual learning deficits in NCAM mutant mice, we further tested stimulus-specific auditory-cued fear memory. As cues were presented in the fear memory context, we dissected cue-specific responses by subtracting the animals' background context freezing and risk assessment values.
Cued fear memory without pre-exposure. After normalization for context, the previously observed cue memory deficit of non-pre-exposed NCAM . While deficits were apparent in contextual freezing, no difference between genotypes was observed in risk assessment behaviour. (b, e) This deficit was no longer observed in standard training groups following contextual pre-exposure. Even after overtraining, levels of contextual freezing were generally low. Unpaired standard training elicited high background context freezing in mice of both genotypes. In contrast, NCAM x/x mice failed to increase risk assessment behaviour upon overtraining. (c, f) In foreground contextual fear conditioning, overtraining led to a significantly enhanced conditioned freezing behaviour in NCAM +/+ but not in NCAM x/x mice, whereas no difference between genotypes was apparent in risk assessment behaviour. Values are mean¡S.E.M. Significant differences between training groups (* p<0.05, ** p<0.01, *** p<0.001) ; significant differences between NCAM (Fig. 3 a, c) . Together with increased risk assessment in these animals (p=0.048 compared to their unpaired controls) this confirmed the context-specificity of the fear memory deficit in the mutants (Fig. 3b, d) . Moreover, NCAM x/x mice showed an increased generalized risk assessment, but not freezing, behaviour (to CSx ; see Supplementary  Fig. S2b, d for details).
Theta synchronization in NCAM mutants
To begin to investigate neuronal correlates of amygdalo-hippocampal interactions and stress effects in NCAM x/x mice, we finally studied the synchronization of network activities in these brain regions during fear memory retrieval. In both genotypes, we observed a correlation of network activities at the theta frequency range during fear memory retrieval (peak correlation between 5.9¡0.2 and 6.8¡1.1 Hz in different genotypes), comparable to our previous observations in wild-type mice (Narayanan et al. 2007a ; Seidenbecher et al. 2003) . Synchronization of theta activity between amygdala and hippocampus was evident in NCAM +/+ mice during re-exposure of context (cross-correlation coefficient y=0.200¡0.043), CS+ (y=0.238¡0.031) and CSx (y=0.209¡0.037) in agreement with a generalization of conditioned fear and expression of freezing behaviour in these animals upon cued overtraining (Fig. 4 b, c ; Supplementary  Fig. S3 ). However, throughout the retrieval session theta synchronization was significantly reduced in NCAM 
Discussion
NCAM is thought to play a key role in adaptive and maladaptive cellular changes in the CNS that underlie memory formation, stress response and changes in emotional state (Sandi, 2004) . In this study we provide evidence for an involvement of NCAM in amygdalo-hippocampal interactions during consolidation of fear memory by demonstrating (1) expression changes of NCAM mRNA in the amygdala of fear-conditioned mice, (2) disturbance of amygdalamediated modulation of hippocampus-dependent fear memory and (3) reduced amygdalo-hippocampal theta synchronization during fear memory retrieval of NCAM null mutant mice. Our data suggest that NCAM-mediated processes in the amygdala are involved in the determination or coding of salience information during contextual fear memory formation. Memory-related changes in NCAM expression have been shown to be time-, stress-and region-dependent (Sandi, 2004 ; Sandi et al. 2005 ) and may involve regulation at the transcriptional level as well as posttranslational modifications such as ubiquitination and polysialylation (Foley et al. 2000 ; Lopez-Fernandez et al. 2007 ; Markram et al. 2007 b ; Senkov et al. 2006) . While several previous studies focused on hippocampal NCAM expression changes at the protein level (Lopez-Fernandez et al. 2007 ; Merino et al. 2000 ; Sandi et al. 2003 ; Venero et al. 2006) , information about learning-dependent regulation of NCAM mRNA levels is still rare. We quantified NCAM mRNA in specific subregions of the amygdala and hippocampus with laser capture microdissection and real time RT-PCR, and determined its change 6 h after training. This time-point of fear memory consolidation is characterized by a strong induction of mRNA expression (Bergado-Acosta et al. 2008 ; Mei et al. 2005 ; Stork et al. 2001 Stork et al. , 2004 . Importantly, this time-point is coincident with the onset of a second wave of activation of the transcriptional regulator ERK1/2 in LA, BLA and CA3 following fear conditioning which discriminates activation patterns in the amygdalo-hippocampal system related to foreground and background context conditioning (Trifilieff et al. 2007) .
In our experiments, we observed high mRNA expression levels in the LA, and particularly in the BLA of naive animals, indicating a strong transcriptional regulation of NCAM in these regions. We could, in fact, demonstrate a moderate increase of NCAM mRNA in the LA upon foreground context conditioning. A prominent reduction of NCAM mRNA expression was evident in the BLA after foreground contextual conditioning and after cued overtraining, known to produce generalization of fear memory to the contextual background . Previously, an increased expression of the polysialylated form of NCAM has been observed in the BLA following intensive auditory-cued fear conditioning (Markram et al. 2007a) . As both reduced expression of the core protein and increased polysialylation may reduce NCAM-mediated adhesion, these effects might serve similar cellular functions. However, acute pre-and post-training removal of PSA and genetically induced deficiency in polysialylation in ST8SiaIV mutant mice both failed to disturb auditory-cued fear conditioning (Markram et al. 2007b) . On the other hand, both NCAM null mutant mice and mice that overexpress a soluble extracellular fragment of the NCAM molecule display deficits in fear memory to a cue and context (Pillai-Nair et al. 2005 ; Stork et al. 2000) . These findings suggest that NCAM function in the amygdala may be strongly determined by changes in its core protein expression. It will be interesting to resolve, in future studies, the cellular specificity of these changes and to determine the potential contribution of translational and/or post-translational mechanisms (Foley et al. 2000) . Here, we focused on the most robust changes in NCAM gene expression. However, it can be expected that increased sample size, microdissection of smaller subregions and additional time-points will help to reveal more subtle changes and to more precisely dissect pathways that undergo NCAM-dependent changes in fear memory formation.
Nevertheless, with our experimental groups we have identified salience-and context-dependency of fear memory consolidation as conditions that reduce NCAM mRNA expression in the BLA. As the amygdalar subnucleus with the most extensive connectivity to the hippocampal formation (Pitkänen et al. 2000) , the BLA is responsible for mediating such contextual aspects of fear memory (Akirav & Richter-Levin, 2002 ; Malin & McGaugh, 2006 ; Maren & Fanselow, 1995) . Reciprocally, various studies have shown that the BLA mediates effects of behavioural stress, corticosterone and norepinephrine on hippocampal plasticity and hippocampus-dependent learning (Akirav & RichterLevin, 2002 ; Roozendaal et al. 2006 ; Vouimba et al. 2006) . We applied foreground and background context conditioning to address the putative activation of different pathways in the amygdalo-hippocampal system. According to the classical view on fear conditioning, contextual aspects are mediated by the hippocampus, whereas both, cued and contextual conditioning, require the amygdala (Phillips & LeDoux, 1992) . However, subsequent studies have demonstrated that background, but not foreground, context conditioning is critically dependent on the integrity of the dorsal hippocampus (Phillips & LeDoux, 1994) and can be enhanced by lateral amygdala lesions (Calandreau et al. 2005) . This differential involvement of amygdala and hippocampus subregions is reflected in region-specific activation patterns of the protein kinase ERK following fear conditioning (Trifilieff et al. 2007) . Our current data do not show any significant change of NCAM expression in dorsal hippocampal subregions after either foreground context conditioning or background context conditioning of different intensities. The BLA, in contrast, which is critical for both forms of contextual learning (Calandreau et al. 2005 ; Trifilieff et al. 2007 ; but see Maren, 2008) , showed a comparable reduction in NCAM expression in both paradigms. Based on these expression data, we hypothesized a role of NCAM-mediated cell recognition in the mediation and salience-dependent modulation of hippocampus-dependent background and foreground context fear memory through the BLA. Huff et al. (2005) showed that pre-exposure can render a hippocampal context representation independent of modulation through the amygdala. We therefore addressed the effect of contextual preexposure on cued and background context fear memory in NCAM
x/x mice. To analyse their behaviour at a consolidated stage -hence the presumed outcome of altered NCAM function -fear memory retrieval was tested 24 h after training. In a first set of experiments we reproduced the previously observed context fear memory deficit of NCAM x/x mice following standard training. In all further experiments, a pre-exposure protocol was employed that reduced conditioned responses of wild types only to CSx (Figs. 2, 3, Supplementary Fig. S2 ) but did not interfere with cued or contextual fear memory, hence excluding an involvement of latent inhibition Wheeler et al. 2003) . With such pre-exposure, NCAM x/x mice were able to overcome their previously reported fear memory deficits (Stork et al. 2000) . As pre-exposure is not related to painful events, a context-specific memory deficit rather than potential differences in pain threshold detection in the mutants should be held accountable for the observed behavioural differences. We suggest that increased stress levels imposed during training in a novel environment specifically interfered with the (strongly amygdaladependent) acquisition and/or consolidation of fear memory in NCAM x/x mice, and that this disturbance was abrogated through contextual pre-exposure. Facilitation of cue and context memory has been observed with stress pre-treatment and post-training corticosterone administration RodriguezManzanares et al. 2005) , and the BLA is thought to mediate such stress effects on hippocampusdependent memory (Conrad, 2005 ; Roozendaal, 2002) . Following this line of evidence we further investigated the effect of increased amygdala involvement during salient overtraining on NCAM mutant mice. Indeed, while NCAM +/+ mice increased their conditioned fear response upon overtraining, NCAM x/x mice failed to increase the behavioural response to the context after either foreground conditioning (freezing) or background context conditioning (risk assessment). Risk assessment and freezing are forms of defensive behaviour displayed by mice according to the intensity and proximity of a given threat (Blanchard et al. 2003 ; Laxmi et al. 2003) . Their predominant expression in the corresponding retrieval test (freezing>risk assessment during CS+ and foreground context, freezing<risk assessment during background context) demonstrates that NCAM x/x mice are principally able to adapt to an aversive condition and to form specific fear memories. In fact, they more than adequately increased freezing to CS+ and generalized freezing and risk assessment to CSx following cued overtraining. Thus, our observations strongly support the idea that the NCAM null mutation evokes deficits in the salience-dependent modulation of context fear memory through the amygdala. We cannot rule out that disturbed fasciculation of the mossy fibre tract and laminar growth of CA3 in NCAM-deficient mice (Cremer et al. 1998 ) may have adversely affected its function in the consolidation of contextual fear memories (Daumas et al. 2004) . However, this structural abnormality cannot explain the salience dependence of the observed NCAM mutant deficits in context fear memory, nor their deficits in cued fear memory when lacking contextual pre-exposure. We therefore investigated potential changes in neural activity patterns in the amygdalo-hippocampal pathway of fear-conditioned NCAM mutant mice. We previously observed synchronization of theta activity between amygdala and hippocampus during fear memory retrieval, probably reflecting a memoryspecific recruitment of ensemble activity and information processing in the amygdalo-hippocampal system (Narayanan et al. 2007 a, b ; Seidenbecher et al. 2003) . It is likely that such theta synchronization is under a strong influence of stress factors during conditioning and retrieval, as stress is known to enhance the power of hippocampal theta activity in a mineralocorticoid receptor-dependent manner (Murphy et al. 1998 ; Shors et al. 1997) and to induce theta activity in the amygdala (Pare & Collins, 2000) . In fact, overtrained NCAM +/+ mice displayed pronounced theta synchronization throughout the retrieval session, in accord with the generalization of conditioned fear in these animals. In overtrained NCAM x/x mice, however, only low levels of amygdalo-hippocampal theta synchronization were evident during exposure to the context, supporting our hypothesis of deficits in information processing in the amygdalo-hippocampal pathway. On a cellular level, this disturbance may be reflected in the reduction in phosphorylated form of the cAMP response element-binding protein in the BLA and the CA3 of NCAM x/x mice (Aonurm-Helm et al. 2008). As these physiological effects are not restricted to conditions of behavioural dysfunction (i.e. they are also evident during CS+ in our experiments, and in the unstimulated brain by Aonurm-Helm et al.), they should be considered as genetically induced network function deficits that are not consequential, but may rather be causal to the observed deficits. It is thus important to note that reduced theta synchronization was evident in NCAM x/x mice not only during contextual but also during cued memory retrieval, in spite of their normal freezing response to CSx and CS+. This is in agreement with similar levels of theta synchronization during cued and contextual fear memory retrieval (Seidenbecher et al. 2003) as well as a reduction of cue-related synchronization in contextual blocking experiment (Narayanan, Stork and Pape, unpublished observations) and provides additional evidence for the contextual nature of information relayed by this pathway. A disturbed salience determination and altered balance between fear memory components is evident in anxiety disorders including generalized anxiety disorder, phobias, panic disorder and post-traumatic stress disorder (PTSD) (Garakani et al. 2006 ; Rau et al. 2005) . Direct evidence for genetic association of NCAM and anxiety disorders in humans is still missing, but our current observations, together with previously described increased anxiety-like behaviour, serotonergic hypersensitivity and impulsivity in NCAM mutants (Stork et al. 1997 (Stork et al. , 1999 (Stork et al. , 2000 as well as the dysregulation of NCAM in a juvenile stress model of PTSD (Tsoory et al. 2008) are suggestive of an involvement of NCAM in these pathologies.
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